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switching in order to compare with the switching in air that was performed in the autumn 
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pressurized environment. 
Simple models for some of the thermal behaviour were developed as thermal equivalent 
networks in a circuit simulator. Basic thermal behaviour was also studied using finite element 
methods in the software package COMSOL Multiphysics. 
A brief literature study regarding the inductance considerations for the bus bar connections in 
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SUMMARY 
 
The thermal behaviour of an IGBT module was investigated, especially with respect to the 
module being immersed in dielectric oil. An equivalent thermal model was built using thermal 
transients and network synthesis. The thermal behaviour was further investigated using 
thermocamera measurements and simple finite element models. 
 
Passive pressure testing of electronic components relevant for the test setup was performed. 
The testing showed no significant influence on the electrical behaviour of the components. 
 
An IGBT module without gel covering the chips was switched while immersed in dielectric 
oil. The switching transients were compared to the case of a normal module switching in air. 
Only minor differences were found between the switching waveforms from the two cases. 
 
A test was performed where water was added to the dielectric oil in order to reduce the 
breakdown voltage of the oil. No breakdown phenomena were observed for the voltages that 
were tested. 
 
A brief litterature study regarding stray inductance considerations in the test setup was 
performed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
TABLE OF CONTENTS 
1 INTRODUCTION................................................................................................................... 2 
2 THEORY................................................................................................................................. 4 
2.1 Principal operation of the IGBT....................................................................................... 4 
2.2 Principal turn-on waveforms of the IGBT ....................................................................... 7 
2.3 Principal turn-off waveforms of the IGBT....................................................................... 8 
3 DESCRIPTION OF TEST OBJECT....................................................................................... 9 
3.1 IGBT module.................................................................................................................... 9 
3.2 Dielectric oil ................................................................................................................... 10 
4 THERMAL TESTING OF THE IGBT MODULE IN ACTIVE MODE OF OPERATION11 
4.1 Description of the test setup and initial testing .............................................................. 11 
4.2 Active testing of module without gel in air.................................................................... 14 
4.3 Testing of module without gel in Midel 7131................................................................ 19 
4.4 Estimation of heat flow in the module ........................................................................... 20 
4.5 Effects of movement of the oil....................................................................................... 22 
5 THERMAL MODELING OF THE IGBT MODULE.......................................................... 26 
5.1 Modeling with thermal equivalent networks.................................................................. 26 
5.1.1 Basic theory............................................................................................................. 26 
5.1.2 Description of available methods for time constant extraction............................... 28 
5.1.3 Extraction of the time constants for the cooling transient....................................... 28 
5.1.4 Foster thermal equivalent network construction ..................................................... 30 
5.1.5 Cauer thermal equivalent network construction by network synthesis................... 31 
5.1.6 Verification of the Cauer equivalent network ......................................................... 33 
5.2 Modeling in COMSOL Multiphysics............................................................................. 35 
5.2.1 Basic model ............................................................................................................. 35 
5.2.2 Model with simple flow of cooling medium........................................................... 36 
5.2.3 Stationary cooling medium ..................................................................................... 40 
6 THERMOCAMERA MEASUREMENTS ........................................................................... 42 
6.1 Initial testing of the thermocamera................................................................................. 42 
6.2 Testing of IGBT module without heatsink..................................................................... 43 
6.3 Testing of IGBT module with heatsink.......................................................................... 44 
7 STRAY INDUCTANCE CONSIDERATIONS IN THE TEST SETUP ............................. 47 
7.1 Background of inductance considerations...................................................................... 47 
7.2 Inductance calculation methods ..................................................................................... 47 
7.3 COMSOL Multiphysics modelling for assessment of stray inductance ........................ 51 
8 PASSIVE PRESSURE TESTING OF COMPONENTS ...................................................... 56 
8.1 Description of passive pressure testing .......................................................................... 56 
8.2 Results from passive pressure testing............................................................................. 57 
9 SWITCHING OF OPEN MODULE IN OIL........................................................................ 60 
9.1 Description of test setup for double-pulse switching ..................................................... 60 
9.2 Description of double-pulse switching........................................................................... 64 
9.3 Description of test programme for double-pulse switching of open module in oil at 25 
degrees Celsius..................................................................................................................... 65 
9.4 Results from double-pulse switching in oil at 25 degrees Celsius................................. 65 
9.6 Continuous switching..................................................................................................... 69 
9.6.1 Description of continuous switching....................................................................... 69 
9.6.2 Description of changes to test setup for the continuous switching ......................... 70 
10 BREAKDOWN VOLTAGE CONSIDERATIONS ........................................................... 72 
11 DISCUSSION ..................................................................................................................... 77 
12 CONCLUSIONS................................................................................................................. 79 
  
REFERENCES......................................................................................................................... 81 
APPENDIX A: IXYS MII400-12E4 [18] ................................................................................ 84 
APPENDIX B: EFI Gate Driver [4]......................................................................................... 86 
APPENDIX C: 20kW Laboratory Inverter [3] ........................................................................ 87 
APPENDIX D: Analog Current Control Board [13] ............................................................... 88 
APPENDIX E: Midel 7131 datasheet [22] .............................................................................. 91 
 
 2 
1 INTRODUCTION 
 
In the future, it is expected that oil and gas extraction will have to take place at greater depths 
than today. Beyond a certain depth, one will have to use pure subsea installations, that is, the 
extraction equipment will be placed on the seabed floor. Some of this equipment, i.e. 
compressors, needs to be driven by electrical motor drives.  
The current solution for this drive is to mount it inside a pressure vessel at 1 bar pressure. At a 
certain depth, the walls of this pressure vessel become unreasonably thick. Apart from being 
expensive, the pressure vessel does not conduct the heat generated by the motor drive into the 
sea water very well. If forced cooling is not employed, the temperature inside the pressure 
vessel will therefore be relatively high, and the lifetime of the electronics will suffer because 
of this. It is therefore interesting to examine the possibility of avoiding the pressure vessel 
entirely, by exposing some parts of the motor drive directly to the ambient pressure of the sea. 
The work done in this project is part of an ongoing long-term project at SINTEF Energy 
Research. Considering the long time span of the SINTEF project, it is not expected that the 
test object will be energized while under pressure during the project. 
Much of the freely available papers on the subject of pressurizing electronics are old 
[5,6,10,11], but some of the general conclusions from these papers are still valid. Generally 
speaking, one of the most usual challenges encountered in these papers were the handling of 
voids in the electronic components. Voids in capacitors, transistors and other components will 
almost certainly lead to the destruction of the device in question when it is subjected to 
pressure. One paper [5], also mentions possible void formation between semiconductor 
material and metallization as a reason for breakdown of some components. It is not known 
whether this may be a problem today, with presumably more advanced production techniques.  
It is also useful to have in mind that some part of the electronic system which generates less 
heat than the power electronics may be placed inside a pressure vessel, i.e. electronics for 
measurement and signalling. One paper [6] gives this as a possible method to reduce costs in 
cases where the pressure tolerant devices are more expensive. 
One paper [11] gives screening procedures as an important part of the commissioning of 
pressure tolerant devices. Although this may seem obvious, it may be especially important 
with good screening procedures when pressure tolerant devices will be employed in 
applications where they are not easily accessible after installations, i.e. in motor drives located 
on the seabed floor. 
As this Master project is part of a larger research project at SINTEF Energy Research, it was 
of interest to investigate several aspects of the pressurization of power electronics. Because 
proper pressurization facilities were not acquired during the project, pressurization of live 
components was not performed during the project. The emphasis was therefore put on 
investigating the components while operating in the same dielectric liquid as will be used 
during pressurization. 
 
Firstly, the placement of electronics in dielectric liquid should have an effect on the cooling of 
the components. The thermal aspects of placing an IGBT module in dielectric oil have 
therefore been treated in chapter 4. Furthermore, since models are essential to describe and 
simulate physical systems, thermal modelling of the IGBT module is described in chapter 5. 
Thermocamera measurements give a useful alternative view of the thermal conditions in the 
IGBT when it is being heated, and this is therefore described in chapter 6.  
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Chapter 7 deals with stray inductance considerations in the test setup. Stray inductance will 
have an impact on the switching waveforms of the IGBT. It is therefore important to be aware 
of the impact of the bus bar geometry on the stray inductance. 
 
Although no power electronics were pressurized while supplied with power during this 
project, passive pressure testing is the first milestone on the road to pressurization of 
switching components. Passive pressure testing as performed in this project is therefore 
described in chapter 8. 
 
Also, it was not known whether the switching waveforms of the IGBT module would be 
affected when the module was placed in dielectric oil. The module was therefore switched 
before and after placement in dielectric oil, and the switching waveforms compared. The 
description of the test setup and the results of this testing can be found in chapter 9. 
 
Finally, it was interesting to investigate if adding of water to the dielectric oil would have any 
impact on the operation of the IGBT. Breakdown voltage considerations were of special 
interest in this respect. This is described in chapter 10. 
 
Discussion of the results is done immediately following the presentation of each result, but 
there is also a discussion chapter at the end of the report, which summarizes the discussion 
about the results. Graphs and pictures are primarily shown in the report itself, instead of in 
appendices, for easy reading. 
 
As can be seen, the report deals with several of the aspects of placing power electronics in 
dielectric oil. Given the width of the investigations, the report will therefore also be relatively 
wide with respect to topics treated, and the organization of the report may be done in several 
different ways. It should however be noted that all of the topics is investigated with one goal 
in mind, and that is the eventual pressurization of power electronics. The purpose of this 
report is consequently to shed light on these different topics. 
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2 THEORY 
2.1 Principal operation of the IGBT 
 
 
Figure 1 Principal drawing of an IGBT [2] 
 
The generic operation of the Insulated Gate Bipolar Transistor, IGBT, is well described in 
literature, [2, 12] and only a short description will be given here, for the sake of completeness. 
Referring to Figure 1, the emitter of the IGBT is connected to the top N+ layer, while the 
collector is connected to the P+ layer at the bottom of the chip. When the IGBT is off, the 
gate is shorted to the emitter or a negative gate-emitter voltage is established. It can be seen 
from the figure that no current will flow in either direction through the device in this mode of 
operation, as both possible paths from collector to emitter contains a negatively biased 
junction.  
An IGBT can be said to consist of a MOSFET type input stage, and a BJT type output stage, 
combining the best from the two technologies. That means using voltage as the controlling 
parameter on the MOSFET input, and using conductivity modulation in the BJT output stage. 
This gives fast switching of the MOSFET part in combination with low on-state losses. 
Although latch-up of the parasitic thyristor can be a problem in the IGBT, the modules used 
in the testing for this project are considered to be essentially latch-up proof for the currents 
and voltages involved. Latch-up will therefore not be treated further here.[2, 12]  
In order to turn on the IGBT, a voltage is applied between the gate and emitter terminals in 
such a way that the gate attains a higher potential than the emitter. It is evident that the layer 
of oxide beneath the gate conductor will now act as a capacitor, with charge building up on 
both sides of the oxide. This build-up of charge in the P-layer underneath the gate oxide, will 
in turn invert the polarity of this layer, forming a continuous N-layer from the emitter until the 
P+ layer connected to the collector. The device will thus be able to lead current from collector 
to emitter.  
The minimum value of VGE which will lead to current flowing through the device is termed 
the threshold value of the gate-emitter voltage, VGE(th). When the device is in the active mode 
of operation, the collector-emitter current ICE will depend on the values of gate-emitter 
voltage, VGE, and collector-emitter voltage, VCE. The typical output characteristic of an IGBT 
can be seen in Figure 2.[21] 
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Figure 2 Typical output characteristic of an IGBT [2] 
 
Unlike a MOSFET, the turn-off of an IGBT can not be forced, as recombination is necessary 
for all carriers to be removed. This leads to a tail current for the IGBT after turn-off. In order 
to turn off the IGBT, a negative gate-emitter voltage is applied, such that the capacitor formed 
by the oxide layer underneath the gate will be de-energized. This will lead to a rapid decline 
in the main current of the device, but since the BJT portion of the device relies on 
recombination for turn-off, the turn-off time will be longer than for a MOSFET.[2, 12]  
Although different symbols for the IGBT are used today, the symbol shown in Figure 3 will 
be used in this text. 
 
Figure 3 Circuit symbol of the IGBT [2] 
 
Some understanding of the switching waveforms of the IGBT is useful when evaluating the 
curves which are recorded in the double-pulse switching. The capacitances of the device will 
be discussed first, as these have a significant impact on the switching waveforms. The 
capacitances existing between the terminals of an IGBT is shown in Figure 4. These 
capacitances consist of stray capacitances and depletion layer capacitances. . Some other 
important capacitances are defined as combinations of the terminal capacitances, summarized 
in Table 1. [2, 14, 16, 21] 
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Figure 4 Terminal capacitances of the IGBT 
 
Table 1 Overview of capacitances in the IGBT [16] 
 Symbol Given as Description 
Input capacitance 
 
Cies CGE+CGC Must be 
charged/discharged 
before the device can 
begin to turn on/turn 
off. Will therefore 
have impact on the 
delay when 
switching 
Output capacitance 
 
Coes CCE+CGC Can affect resonance 
in soft-switching 
Reverse transfer 
capacitance 
Cres CGC Have impact on 
voltage rise and fall 
times when the 
device is switching. 
Also known as the 
Miller capacitance. 
 
It should be noted that especially the Miller capacitance have a significant impact on the 
switching performance of the device, e.g. the maximum switching speed. 
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2.2 Principal turn-on waveforms of the IGBT 
 
The turn-on of the IGBT can be summarized as follows, referring to Figure 5. 
• When the step voltage is applied to the gate-emitter terminals, the input capacitance 
will begin to charge.  
• When CGE is charged to the threshold value of VGE, given as VGE(th) in the figure, the 
collector current IC of the device will begin to increase in a linear manner 
• When IC has reached its final value IL, the collector-emitter voltage VCE will begin to 
decrease. 
• VGE will remain at a constant value of VGE(t) , until VCE has decreased to its final value 
VCE(on). This is due to the fact that the IGBT is still in the active region, and VGE will 
therefore be given from the transfer curve of the device as a function of IC. Achieving 
full conductivity modulation in the BJT portion of the IGBT may take longer time 
than for the MOSFET portion to turn fully on. The fast drop in VCE in tfv1, primarily 
due to the MOSFET portion, will be followed by a slower drop during tfv2 due to the 
BJT portion of the transistor going into saturation.  
• After the MOSFET part of the IGBT has turned fully on, VGE will continue its  
increase to the value of the applied voltage at the gate-emitter terminals. The device is 
now fully on. [2, 21] 
 
 
 
Figure 5 Turn-on waveforms assuming a step positive voltage applied to gate-emitter 
terminals [1] 
 
 
 8 
 
2.3 Principal turn-off waveforms of the IGBT 
 
The turn-off of the IGBT can be summarized as follows, referring to Figure 6. 
• A negative gate-emitter voltage is applied, and the gate-emitter capacitance will begin 
to discharge, lowering the value of VGE 
• When the IGBT enters the active region, the voltage over the device begins to 
increase, while VGE is constant and given by the transfer characteristic and the current 
through the device 
• When VCE has reached its final value, the collector current IC, will begin to decrease 
transferring the current to the freewheeling diode. 
• The decrease of the collector current will be affected by two mechanisms. The 
MOSFET portion of the device will be turned off quickly, leading to a rapid decrease 
of the current in the first part of the transient. The MOSFET portion will have turned 
off when VGE reaches VGE(th). The minority carriers in the device will have to be 
removed by recombination, leading to a so-called tail current in the last part of the 
switching process. The length of this tail current will be influenced by the carrier 
lifetime in BJT section of the device. [2, 21] 
 
 
Figure 6 Turn-off waveforms assuming a step negative voltage applied to the gate-
emitter terminals [2]  
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3 DESCRIPTION OF TEST OBJECT 
3.1 IGBT module 
 
During the project an IGBT module from IXYS will be used for the thermal testing in the 
active mode of operation in addition to the double-pulse switching tests. The IXYS module is 
of type IXYS MII400-12E4. The module can be seen in Figure 7. Most of the tests in the 
project will be performed on a module with the top lid removed and without the dielectric gel 
that normally covers the electronic components. A picture of such a module can be seen in 
Figure 8. The datasheet for the module is enclosed in Appendix A. 
 
 
Figure 7 The IXYS module [18] 
 
 
Figure 8 Picture of a IXYS module without dielectric gel. The chips and wire bonding 
can be seen 
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3.2 Dielectric oil 
 
For some part of the testing, a module without dielectric gel will be covered in varying 
degrees by dielectric oil. Firstly, this is to investigate the effect of the dielectric oil on the 
thermal and switching behaviour. Secondly, the dielectric oil will provide the necessary 
insulation, normally provided by the dielectric gel, between the different live parts of the 
module. The dielectric insulating oil used in the testing is a synthetic ester of type Midel® 
7131. This is a dielectric oil which is said to be suitable for transformers, tapchangers, 
electrical control equipment, etc. According to the manufacturer, Midel 7131 is a 
biodegradable, non-hazardous oil, with favourable thermal, fire resistance and dielectric 
properties. In addition, ester oils like Midel is, despite being hygroscopic, able to take up 
much more water than mineral oil without the breakdown voltage being compromised. 
[22, Appendix E]
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4 THERMAL TESTING OF THE IGBT MODULE IN ACTIVE 
MODE OF OPERATION 
4.1 Description of the test setup and initial testing 
 
In order to be able to measure the temperature behaviour of the IGBT module while at the 
same time having good control over the amount of dissipated power in the module, it was 
decided that one of the IGBT’s  in the bridgeleg should be run in the active mode of 
operation, conducting a DC-current. Since the DC-current running through the device and the 
DC-voltage over the device will be fairly constant, it is very convenient to calculate the 
dissipated power in the module as the product of these two quantities.  
 
 
Figure 9 Electrical test setup for power dissipation test in active mode of operation 
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Figure 10 Picture of the test setup for testing the IGBT module in the active mode of 
operation 
 
A picture of the test setup can be seen in Figure 10. During the initial testing an entirely 
standard IGBT module is used. The electrical test setup for the active testing of the module 
can be seen in Figure 9. As can be seen, the gate voltage for the IGBT is given by a voltage 
divider that is adjusted so that the IGBT will be only slightly on, so that much of the voltage 
from the power supply will be over the IGBT. The variable series resistor is used for easy 
adjustment of the current running through the IGBT. The temperature rise of the IGBT is 
recorded with thermocouplers and data logger. Two of the thermocouplers are located in the 
heatsink beneath the module. One of the thermocouplers is located on the middle power 
terminal of the module, and one at the overside of the heatsink.  Initial testing showed a 
considerable difference in time constant when the heatsink was placed horizontally as 
opposed to when it was placed vertically.  
 
During the testing, an approximately constant power is dissipated in the IGBT throughout the 
rising part of the transient until steady-state has been reached. The power supply is then 
turned off, and the falling part of the transient is recorded. Table 2 shows an example of the 
additional data that is recorded for the rising part of the transient. The module is heated, and 
the data is recorded at different points in time. It can be seen that even though the power 
supply is unregulated, the dissipated power in the IGBT is quite constant throughout. As 
might be expected, the middle power terminal measurement point has the fastest rise in the 
beginning because of the lower thermal capacitance from the junction to the measuring point. 
The middle power terminal measurement is also the one closest to the real junction 
temperature as this is the one which gives the highest temperature in steady state conditions. 
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Table 2 Data from active testing of the IGBT 
meas
[ voltage [V] cur ] 
Source voltage Source current 
power [W]
 
Temperature 
urement 1 
ºC] 
Transistor Transistor 
rent [A [V] [A] 
Transistor 
30 18,8 5,04 19,9 5,05 94,75 
44 18,6 5,04 19,6 5,05 93,74 
50 18,5 5,04 19,5 5,05 93,24 
 
Temperature measurements with vertical heatsink
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Figure 11 Temperature transient for vertical heatsink at a dissipated power of 
pproximately 94W 
is 
e applied cautiously, since the IGBT by itself has a very low heat 
issipation capability.  
 
a
 
To get an estimation of the temperature transient for the IGBT module alone, the heatsink 
removed from the test setup. The IGBT is then run in active mode as before. Without the 
heatsink, power has to b
d
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Temperature measurements without heatsink
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Figure 12 Temperature transient for module without heatsink at a dissipated power of 
approximately 10W 
 
As can be seen from Figure 12, both measurements reach temperatures in excess of 70 
degrees Celsius for a dissipated power of only 10W. This shows that the thermal resistance 
from case to ambient for the module without heatsink is quite high, more than 5K/W. It is also 
worth noting that the measurement under the substrate have a faster rise in the beginning of 
the transient and gives a higher stationary temperature. This is a sign that there is less thermal 
capacitance and resistance between the junction and the measurement point under the 
substrate compared to the power terminal measurement point. This can be expected, as the 
power terminal it self contains much copper and thereby heat capacitance compared to the 
layers of the substrate. The layers are also quite thin compared to the length of the power 
terminal, giving a smaller thermal resistance. 
 
4.2 Active testing of module without gel in air 
 
After the initial testing with the standard module had been finished, testing was started on the 
module without gel, as shown in Figure 8 and Figure 13. To get a temperature measurement 
as close as possible to the junction, a temperature sensor was placed on top of the copper 
substrate, close to one of the chips conducting current. To get an accurate measurement, an 
active temperature sensor of type Analog Devices 590 was used. A picture of the placement 
of the AD590 temperature sensor can be seen in Figure 14. The temperature sensor was 
calibrated against a reference temperature source. As with the testing with the standard 
module, two thermocouplers are mounted in the heat sink as described in [21]. Initial testing 
showed that the temperature sensor on the chip gave much faster response to applied power 
than the two others. This was to be expected, as the thermal resistance and thermal 
capacitance between this sensor and the junction is less than for the two others. 
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Figure 13 Picture of IXYS module without gel under testing 
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Figure 14 Close-up picture of AD590 temperature sensor located on top of the substrate 
close to one of the IGBT chips. During actual testing a clamping arrangement holds the 
temperature sensor in place nearby the chip; this is not shown here for the sake of 
clarity 
 
The source and the resistors in the test setup were adjusted so that approximately 10W would 
be dissipated in one of the IGBT’s. The temperature transient can be seen in Figure 15. As 
was expected the temperature sensor mounted directly on top of the substrate gave a much 
faster response for both the heating and cooling transients. Since it is not possible to mount a 
temperature sensor directly on the chip surface because of the bonding wires, this temperature 
measurement is probably the closest one can come to measuring the junction temperature for 
this module. It is also worth noting that the heat dissipation capability of the IGBT without 
heatsink is very small, with only 10W giving more than 80 degrees Celsius at the top of the 
substrate. 
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Temperature transients for horizontal module without gel
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Figure 15 Temperature measurements for horizontal IGBT module without gel 
 
In order to have a better understanding of the lateral temperature gradients in the substrate, it 
was decided to mount a second AD590 active temperature sensor on top of the substrate. The 
additional temperature sensor is mounted by the diode chips of the IGBT that is being heated, 
and a significant lateral distance from the IGBT chips. The placement of the AD590 
temperature sensors in relation to the IGBT chips can be seen in Figure 16. In addition, 
thermal insulation in the form of isopor is placed underneath the module in order to minimize 
the heat flow in this direction. The temperature transient for this test is shown in Figure 17. It 
can be seen that the measurements at the top of the substrate away from the chip, and under 
the substrate, are almost equal throughout the transient. 
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Figure 16 Internal layout of IXYS module, with placement of AD590 temperature 
sensors. IGBT chips which are heated during active testing are shown in red 
 
Temperature transients for horizontal module without gel and thermal 
insulation underneath
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Figure 17 Temperature transients including a measurement at top of substrate at some 
distance from nearest IGBT chip 
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4.3 Testing of module without gel in Midel 7131 
The module is now filled with 29mL of Midel 7131. The same test with insulated underside 
as described before is run again. The temperature transients for the AD590 sensor close by the 
chip can be seen in Figure 18. It can be seen that the heating of the module to steady state 
temperature takes much longer time with Midel inside the module. This is to be expected 
because of the added heat capacitance of the Midel. The steady state temperature difference 
however is relatively small at about 3 degrees Celsius. 
 
Temperature transients with and without Midel 7131 in module
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Figure 18 Temperature transients for module with thermally insulated underside, with 
and without Midel 7131 
 
The temperature transients when the module is filled with Midel can be seen in Figure 19. 
Comparing Figure 19 with Figure 17 some differences can be observed. It can be seen that the 
measurement under the substrate is much closer in temperature to the chip temperature when 
the module is filled with Midel than without. This is a sign that when the module is filled with 
Midel, more of the generated heat will be transported upwards. This in turn gives less heat 
transport down through the substrate layers, and thereby less temperature difference between 
the top and bottom of the substrate. 
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Temperature transients for horizontal module without gel and thermal 
insulation underneath and Midel 7131 inside module
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Figure 19 Temperature transients when the module is filled with Midel 7131 
 
4.4 Estimation of heat flow in the module 
It was of interest to try to compare the heat flow in the module when it exposed to air as 
compared to when it is exposed to Midel. Although the real heat flow is not so easy to 
calculate for the two cases, this relatively easy calculation may say something about the 
difference between the two cases, which is interesting. The temperature difference in steady 
state is read from Figure 19. The readings are summarized in Table 3. 
 
Table 3 Summary of temperature readings from Figure 19 
Steady state temperature nearby the chip 89,6 degrees Celsius 
Steady state temperature under the substrate 87,1 degrees Celsius 
Approximate temperature difference between 
chip and underside of substrate 
2,5 degrees Celsius 
Applied power 9,1 W 
 
Since each IGBT consists of 3 chips, the power that is dissipated in each chip can be 
calculated as in (1) 
 
 
3
IGBT
chip
PP =  (1) 
 
Furthermore, if we consider a purely 2-dimensional heat flow down through the layers from 
the chip, we can use the chip area for computing the thermal resistance of the layers. Even 
though this will not be entirely correct because of the lateral heat spreading in the layers, the 
calculation will still represent a worst case scenario regarding thermal resistance. The thermal 
resistance calculation for each layer using chip area has already been performed in Table 14. 
Remembering that there are two layers of copper in the substrate, the thermal resistance of the 
substrate can be calculated as in (2) 
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 2*substrate solder ceramic copperR R R R= + +  (2) 
 
In addition, an estimation of the thermal resistance from case to the thermocoupler in the 
isopor has to be performed. Total thermal resistance will then be given as in (3). 
 
 j h substrate c hR R R− −= +  (3) 
 
 j h
j h
j h
T
P
R
−
−
−
Δ=  (4) 
 
Assuming a value of 3W/K for the thermal resistance between the case and the thermocoupler 
in the isopor, (1),(2),(3) and (4) can be used to calculate the power going down through the 
substrate layers. This is summarized in Table 4. 
 
Table 4 Summary of power flow calculations for module with Midel 
Variable Value 
Thermal resistance of substrate layers 0,2516 K/W 
Thermal resistance from underside of 
substrate to isopor 
3 K/W  
Power dissipation per chip 3,0 W 
Power flow down through the substrate 0,769W 
Percent of chip power flowing down through 
the substrate 
26% 
 
Similarly, the temperature difference for the case without Midel can be read from Figure 17. 
The readings are summarized in Table 5. 
 
Table 5 Summary of temperature readings from Figure 17 
Steady state temperature nearby the chip 92,5 degrees Celsius 
Steady state temperature under the substrate 85,6 degrees Celsius 
Approximate temperature difference between 
chip and underside of substrate 
6,9 degrees Celsius 
Applied power 9 W 
 
Table 6 Summary of power flow calculations for module without Midel 
Variable Value 
Thermal resistance of substrate layers 0,2516 K/W 
Thermal resistance from underside of 
substrate to isopor 
3 K/W  
Power dissipation per chip 3,0 W 
Power flow down through the substrate 2,1 W 
Percent of chip power flowing down through 
the substrate 
70% 
 
It can be seen that the power flow down through the substrate is larger when there is air above 
the chip. This means that there is more power flowing upwards when there is Midel on top of 
the chip than when air is used. Stationary cooling conditions will not be significantly better 
because both cases attain approximately the same steady state chip temperature. The Midel 
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case will be better for pulsed power, as the higher thermal capacitance of the Midel limits the 
short-term temperature increase. 
 
4.5 Effects of movement of the oil 
 
It was decided to perform a test while the module was shaken manually, in order to increase 
the flow of oil inside the module, thereby increasing the cooling. Additional Midel 7131 was 
also added to the module, filling it to the rim. First, the module was heated without shaking it, 
to investigate the effect of adding more Midel 7131. The result of this test can be seen in 
Figure 20. As can be seen from this figure, the measurement under the substrate is actually a 
bit higher than the chip temperature measurement. This is taken as a sign that the additional 
cooling of the Midel will lead to very little heat flow down through the substrate. This will in 
turn mean that the temperature measurement at the underside of the substrate will be very 
close to the real chip temperature. 
 
Temperature measurements with additional Midel 7131 and 
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Figure 20 Temperature measurements with additional Midel 7131 and thermocoupler in 
oil 
 
The thermal resistance between the chip and the oil will consist of a contact resistance at the 
interface and a distributed RC-network inside the oil itself. If one consider that the contact 
resistance is dominant when the oil is circulated, it is possible to estimate the thermal contact 
resistance between the chip and the oil. A simplified drawing of the situation during testing is 
shown in  
Figure 21. It was shown in Figure 20 that the heat flow down through the substrate was very 
small, that is PSUB << POIL. RC-O is the chip to oil thermal contact resistance and RC-S is the 
ermal resistance from chip to underside of substrate. 
 
th
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Figure 21 Primary thermal flow paths during testing 
 
The module was shaken and the temperature transient was recorded until a steady increase 
was attained. This is shown in Figure 22. As can be seen from the figure, the difference 
between the oil temperature and the chip temperature is relatively stable once the initial 
transient is over. It can also be noted that the oil temperature is equal to its start value for a 
time after power has been applied, and does not start to rise before the initial transient in the 
chip temperature has passed. This difference was measured for a case where the oil 
temperature measurement was located close to a chip and for a case where it was located far 
from a chip. The results are summarized in Table 7. 
 
Table 7 Summary of temperature and power measurements 
 Average temperature 
difference chip-oil 
[degrees Celsius] 
Average power  
[W] 
Oil measurement nearby chip 11,29 9,68 
Oil measurement far from chip 13,51 9,68 
Average 12,4 9,68 
 
Using the average values from Table 7, the thermal contact resistance from chip to oil can 
then be calculated according to (5), if one assumes that all the power goes into the oil. 
 
 
CHIP
OILCHIP
OC P
TT
R
−=−  (5) 
 
Giving for the actual case: 
 
W
KR OC 3,168,9
4,12 ==−   
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To find support for this value of thermal contact resistance in literature is difficult, as this 
value depends much on geometry, and will thus vary from case to case. The number should 
therefore be treated as a rough estimate. 
 
Temperature measurements when shaking the oil
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Figure 22 Temperature measurements when shaking the oil 
  
The effect of shaking the module can be clearly seen in the temperature measurements. This is 
illustrated in Figure 23. “A” denotes time spans where the module is shaken, while “B” 
denotes time spans where the module is still. As can be seen from the figure, the rate of 
increase in the chip temperature is higher when the module is still; this is to be expected, as 
the transfer of heat through the oil is lower when it is still. It can be seen that the oil 
temperature actually goes a bit down at the instant that the shaking is stopped. This is 
probably due to the placement of the thermocoupler in oil being such that the thermal voltage 
drop between the chip and the thermocoupler being larger when the oil is still.  
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Figure 23 Effect of shaking the module on the temperature measurements. “A” denotes 
time spans where the module is shaken, “B” denotes time spans where the module is still 
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5 THERMAL MODELING OF THE IGBT MODULE 
5.1 Modeling with thermal equivalent networks 
5.1.1 Basic theory 
 
Given the heating and cooling transient for the temperature measurements as given in Figure 
15, it is possible to compute the associated time constants for the transient. The heating and 
cooling transients should be a mirror image of each other for ideal conditions. Assuming ideal 
conditions, the following discussion of time constant extraction will consider the cooling 
transient only, but it will be shown that the heating transient can be described with the same 
parameters as those extracted for the cooling transient. 
 
Generally, the cooling transient for a power electronics package will consist of a sum of 
exponentially decaying functions. Because of the distributed nature of the problem, the 
theoretical number of exponentially decaying functions and associated time constants is 
infinite. That is, the theoretical time constant spectrum of the transient is continuous. 
The dynamic part of the cooling transient can be described as in equation (6). [33, 38] 
 
 ∑∞
=
−⋅=Δ
0
)exp()(
i i
i
tTtT τ  
(6) 
 
 
In practice, the time constant spectrum of the cooling transient is often regarded as discrete, 
consisting of a number of time constants. The number of time constants will in turn depend on 
the desired resolution or attainable resolution of the thermal problem. This will give a 
modified version of (6), shown in (7). 
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When the exponential expressions describing the transient thermal behaviour are known, 
electrical-thermal equivalent diagrams can be constructed. The equivalent diagrams are a way 
of describing thermal behaviour by means of an electrical circuit. The reader may refer to [33] 
for a good introduction to this kind of modelling, but a brief description will be given also 
here. 
 
Mainly two configurations of thermal equivalent networks are found in literature, the Foster 
network and the Cauer network. An example of a Foster network configuration can be seen in 
Figure 24. The main advantage of the Foster network is that each parallel connection of a 
resistor and a capacitor corresponds to one exponential term in (7). The network is thus quite 
easy to establish once the mathematical description of the transient behaviour is known. 
However, it is very important to be aware that the Foster network only gives a correct 
representation of the thermal response seen from the input and the output of the network. It is 
a behavioural equivalent circuit. That means that the equivalent circuit describes the overall 
behaviour rather than representing the geometrical structure of the system. Any attempt at 
measuring values inside the network will produce meaningless results. 
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Figure 24 Example of Foster thermal equivalent network 
 
 
Figure 25 Example of Cauer thermal equivalent network 
 
An example of a Cauer network configuration can be seen in Figure 25. In opposition to the 
Foster network, this network has a more complicated relation between the total mathematical 
expression and the circuit element values. One reason for this is that in the Cauer network 
each time constant depends on all the resistors and capacitors in the network, and each 
amplitude factor depends on all the resistors in the network. It can then be understood that 
going directly from a mathematical transient description as given by (7) to a Cauer network 
description is difficult. However, once the Cauer thermal equivalent has been established, this 
has a direct physical interpretation. Each node in the Cauer network represents a point in the 
thermal flow path of the device under testing. Consequently, if the number of RC-nodes in the 
network increases, also the resolution of the equivalent with relation to the physical device 
increases. In practice, if the number of RC-cells is small, it may be difficult to relate a specific 
RC-cell to a specific layer of the device under testing. This is because of the distributed nature 
of the time constant spectrum. [33, 34, 38]. 
 
During the modelling a certain correspondence between the thermal properties of the device 
and electrical circuit elements is assumed. When constructing the circuit, thermal variables 
will therefore be related to electrical ones according to Table 8. 
 
Table 8 Relations between electrical and thermal properties 
Electrical property Thermal property 
Current [A] Power [W] 
Voltage [V] Temperature [°C] 
Resistance [Ohm] Thermal resistance [°C/W] 
Capacitance [F] Heat capacity [J/°C] 
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5.1.2 Description of available methods for time constant extraction 
 
Several methods exist for extracting the time constants from thermal transients. Some of the 
methods involve a 3D finite element modelling of the device. The temperature transients of 
the device are then simulated and the thermal conditions in each layer of the device can be 
measured. These measurements can then be used to construct the thermal equivalent circuit of 
the device. An example of such an approach is given in [39]. Since a 3D finite element model 
of the IXYS module is expected to be time consuming, this approach will not be investigated 
further in this project. The complex structure of the IXYS module chip layout with many 
cross-connected bonding wires forming thermal bridges contribute to the expected complexity 
of the 3D modelling. 
 
Other methods utilize advanced numerical methods for curve fitting of the cooling transient, 
and the sum of exponential expressions will then be given by the calculated approximation of 
the measured transient. An example of such a method is given in [33]. The time constant 
spectrum of the cooling transient is also possible to compute using convolution theorems. 
Numerical operations involving convolution and deconvolution are performed on the 
measured temperature transient. This gives the time-constant spectrum of a lumped element 
network representing the thermal behaviour of the device under testing. Examples of such an 
approach are given in [34] and [35]. Both these approaches are quite interesting when 
characterizing the thermal behaviour of a power electronic module. However, due to the 
limited time available in this project, a simpler method described in [38] is used to 
characterize the thermal response of the module with reasonable accuracy. 
 
5.1.3 Extraction of the time constants for the cooling transient 
 
Since no direct measurement of the junction temperature of the device is available, the 
temperature measurement as given by the AD590 temperature sensor mounted on top of the 
surface nearby the chip will be treated as the approximate junction temperature. This is 
assumed to be a reasonable approximation, as the sensor is mounted very close to the chip and 
in direct metallic contact. The heat capacitance between the chip and the sensor is also 
expected to be small because of the small thickness of the layers. 
 
A thermal transient as in Figure 15 is then recorded, with the data logger set to a relatively 
high resolution i.e. 1 scan/sec. 
 
Taking the natural logarithm to the measured cooling transient, it is possible to draw the plot 
of logarithmic temperature versus time, as shown in Figure 26. The ambient temperature is 
subtracted throughout the transient before the natural logarithm is taken, in order to 
investigate only the exponential decay. 
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Figure 26 Logarithmic temperature versus time and linear regression line 
 
As can be seen from Figure 26, the later part of the measured curve is quite linear, and it is 
possible to approximate the curve in this area with a linear regression line. Recalling the 
mathematical expression for the cooling transient as given in (7), this expression can be 
expanded, shown in (8).  
 
 
1 2
1 2
( ) exp( ) exp( ) ... exp( )n
n
t tT t T T T tτ τ τ
− − −Δ = ⋅ + ⋅ + + ⋅  (8) 
 
It is obvious from (8), that if one considers a time span very late in the transient, only the last 
time constant expression will have a significant value, as all the fast transients have decayed. 
For this condition, (8) can be approximated by (9) 
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tT t T τ
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And taking the natural logarithm on both sides yields: 
 
 ln( ( )) ln( )n
n
tT t T τΔ = −  
(10) 
 
In (10) it can immediately be seen that the expression on the right hand side describes the line. 
This will actually be equal to the expression for the regression line shown in Figure 26. This 
is emphasized in (11) 
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Which gives 
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When the first exponential expression has been calculated from (12), it has to be subtracted 
from the original cooling transient. The procedure will then continue with second-most 
slowest decay expression according to (13). 
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These iterative calculations will reveal a number of time constant expressions describing the 
transient thermal behaviour. Since this procedure may give a good approximation in some 
parts of the transient while deviating in other parts, it may be necessary to add one or more 
extra time constants to give a better fit to the measured transient. In this project a simple trial 
and error approach was used for this.[33, 38]. 
 
Conducting the procedure described in the preceding paragraphs to the recorded transient 
yields the expressions described in Table 9. 
 
Table 9 Overview of extracted exponential expressions 
n T τ Total expression 
1 0,1737 847 
)
847
exp(*1737,0 t−  
2 0,1557 600 
)
600
exp(*1557,0 t−  
3 0,458 193 
)
193
exp(*458,0 t−  
4 0,213 30 
)
30
exp(*213,0 t−  
5.1.4 Foster thermal equivalent network construction 
 
From Table 9 it is possible to calculate the thermal resistances and capacitances of the Foster 
equivalent network, given that one knows the steady state temperature drop and the applied 
power before the power is disconnected. 
 
 
⎥⎦
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⎡=−=Δ=
W
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P
TRtot 28,69
5.2380  
(14) 
 
It is evident that each T in Table 9 is a weighting factor to the result obtained in (14). Each 
weighting factor will give the resistance for that particular Foster RC-cell. The calculation of 
the capacitance value thus becomes trivial, since the time constant is known. The result of this 
calculation for the actual case is presented in Table 10. 
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cted values for thermal resistances and capacitances for the 
Foster equivalent network 
 
Table 10 Overview of extra
n R C 
1 1,090 777 
2 0,977 614 
3 2,875 67,1 
4 1,337 22,4 
 
.1.5 Cauer thermal equivalent network construction by network synthesis 
lent 
 of 
be 
iscussed. Examples of papers utilizing a similar approach can be found in [36] and [37]. 
n for 
s-domain. This is done by way of the thermal transient 
pedance, defined as in (15). 
 
5
 
In order for the equivalent circuit to have a physical meaning in addition to the two-port 
functionality provided by the Foster network, it has to be transformed into a Cauer equiva
network. Synthesizing a Cauer equivalent network as shown in Figure 25 from a sum
exponential terms is known from network synthesis theory. A thorough and generic 
description can be found in [40], but here the specific solution according to Figure 25 will 
d
 
The method that is used to synthesize the network is called continuous fraction expansion. It 
utilizes the property that a continuous fraction may be expanded into a form which is a direct 
description of a Cauer network. The first step is to transform the mathematical expressio
the transient behaviour into the 
im
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xpanding and inserting the actual values 
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gain referred to literature on network synthesis, i.e. [40]. Briefly, the procedure is as follows. 
nator 
at is take 1 divided by the expression 
3. Make a proper fraction 
 
The further calculations are iterative and will not be described in detail here; the reader is 
a
 
1. Arrange the expression in equation (17) on a common denomi
2. Invert the expression, th
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4. The s-term in the rest will be the capacitor value for the leftmost undetermined 
capacitor in the equivalent circuit. Subtract this s-term from the inverted expression 
that was obtained in 2. 
5. Invert the expression gained from 4. 
6. Make a proper fraction 
7. The constant term in the rest will be the resistor value for the leftmost undetermined 
resistor in the equivalent circuit. Subtract this constant term from the inverted 
expression gained from 5. 
8. Go to 2. 
 
Mathematically, this procedure gives the following result: 
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Table 11 Overview of extracted values for thermal resistances and capacitances for the 
Cauer equivalent network 
n R C 
1 2,5091 15,80 
2 2,8540 59,85 
3 0,9185 657,0 
4 0,02941 24464 
 
Using the procedure as described on the actual case yields the results as presented in Table 
11. It can be seen that the last term involves a very small resistance coupled with a very large 
capacitance. This term will behave approximately as an ideal voltage source. Since we already 
have an ideal voltage source in parallel with this term, representing the ambient temperature, 
this term may be neglected. Simulation has confirmed that the circuit behaviour is practically 
equal for the cases with and without this term included. The equivalent circuit is thus reduced 
to three RC-cells. The corresponding Cauer network can be seen in Figure 27. 
 
 
Figure 27 Extracted thermal equivalent network 
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5.1.6 Verification of the Cauer equivalent network 
 
The calculated Cauer network was implemented in the circuit simulator PSIM™. The 
temperature drop over the three RC-cells was recorded when applying a power pulse similar 
to the one used in the actual laboratory experiment. Figure 28 shows the comparison of the 
measured, calculated and simulated heating transient. As can be seen, there is a good 
correspondence between the there curves. The calculated and simulated curves are practically 
identical, meaning that the synthesis of the Cauer network was successful. Maximum 
deviation between measurements and simulation is about 2-3 degrees Celsius. 
 
Comparison of measured and calculated heating transient
0
10
20
30
40
50
60
70
80
90
0 500 1000 1500 2000 2500 3000
t [sec]
T 
[d
eg
re
es
 C
el
si
us
]
Measured transient Calculated transient Calculated in circuit simulator
 
Figure 28 Comparison of measured, calculated and simulated heating transient 
 
It was decided to investigate if the temperature measurement on the underside of the substrate 
could be approximated by the same model in PSIM. The steady state temperature ratio 
between this measurement and the chip measurement is multiplied with the total thermal 
resistance as found in (15). This gives an indication of the thermal resistance between the chip 
and the temperature measurement under the substrate.  
 
The problem will be considerably simplified if the thermal capacitance between the chip and 
the measurement point on the underside of the substrate is regarded as very small. An 
approximation to the temperature at this point is then possible to simulate by splitting resistor 
1 in the equivalent circuit accordingly. The simulation result is presented in Figure 29. It can 
be seen that there is a relatively good correspondence between measurement and simulation, 
with maximum deviation at about 2-3 degrees Celsius. It seems that the approximation with 
splitting resistor 1 without modifying the corresponding capacitance is relatively good. 
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Comparison of measured and simulated transient for underside of substrate
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Figure 29 Comparison of measured and simulated transient for underside of substrate 
  
The Cauer equivalent networks for the cases where isopor is placed underneath the module 
and respectively air and Midel 7131 is inside have been calculated using the same procedure 
as before. These networks have not been utilized in this project, but they are shown in Table 
12 and Table 13 for possible future use. 
 
Table 12 Extracted Cauer network with air in module and isopor underneath 
n R C 
1 2,0136 15,65 
2 3,036 59,19 
3 1,144 739,8 
 
Table 13 Extracted Cauer network with Midel in module and isopor underneath 
n R C 
1 1,199 14,5 
2 3,227 94,89 
3 2,793 188,3 
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5.2 Modeling in COMSOL Multiphysics 
5.2.1 Basic model 
 
In order to gain an understanding of the thermal conditions in the IGBT module during 
operation, it is beneficial to describe the thermal properties of the module in a model. The 
geometric layout of the different layers in the module will form the basis of the model. Since 
the modelling only considers one IGBT chip, direct comparison between simulation and 
laboratory experiments will be difficult. The primary aim of the COMSOL simulations is 
therefore to look at some relatively simple cases where the chip is cooled by either air or 
Midel. 
 
 
Figure 30 Cross-section of IGBT chip and substrate layers 
 
Figure 30 shows a cross-section view of the IGBT chip and the substrate layers beneath it. In 
the IXYS MII 400-12E4 module each IGBT consists of 3 such chips in parallel. Each diode 
also has 3 chips in parallel. With 2 IGBT and 2 diodes, this makes for a total of 12 such chips 
on the substrate. Here a modelling of one IGBT chip will be attempted. 
 
To be able to model the layers correctly, relevant information about the relevant thermal 
properties needs to be collected. This can be seen in Table 14. 
 
Table 14 Summary of substrate layers and thermal properties [23,  31] 
Name of layer Thickness [μm] Thermal conductivity 
[W/m*K] 
Thermal resistance 
using IGBT chip area 
[K/W] 
Chip 300 - - 
Solder 80 66,6 0,009927 
 
Copper 300 401 0,012366 
 
Ceramic 630 24 0,216942 
 
 
As can be seen from Table 14, most of the thermal resistance is located in the ceramic layer 
between the two copper layers. This is to be expected since this layer is fairly thick and has a 
low thermal conductivity. Also the thermal capacitances for the layers are interesting from a 
modelling point of view. 
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5.2.2 Model with simple flow of cooling medium 
 
In order to get a better picture of the thermal behaviour of the simplified model shown in 
Figure 30, it was decided to do a finite element analysis of the geometry in COMSOL 
Multiphysics®.  
 
First it is necessary to state the thermal properties of the materials that will be used in the 
modelling. This is shown in Table 15. 
 
Table 15 Thermal properties for the materials used in the model 
Material Thermal conductivity 
[W/(m*K)] 
Heat capacity 
[J/(kg*K)] 
Density 
[kg/m3] 
Silicon 163 703 2330 
Solder 50 150 9000 
Copper 401 385 8933 
Ceramic 24 765 3970 
Air 26,3E-3 1007 1,1614 
Midel 7131 0,144 1910 963 
 
 
Figure 31 Simple model used as a first approximation in COMSOL 
 
First, air is used as a cooling medium, and the flow is defined to be from left to right at a 
speed of 0.01 m/s. A sketch of the model can be seen in Figure 31. The underside of the 
substrate is presumed to be cooled by other means, and is set to a constant temperature of 60 
degrees Celsius. The chip is assumed to dissipate 10W evenly distributed throughout the chip 
volume. A steady state analysis is performed regarding the thermal flow patterns in the 
geometry. As can be seen from Figure 32, essentially all of the heat transport for this case is 
done by means of conduction from the chip and down through the substrate layers. The air 
does not take up any significant heat. 
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Figure 32 Heat flow pattern for air as cooling medium 
 
With all other conditions equal, the cooling medium is changed to Midel 7131. As can be seen 
from Figure 33 much more heat is now absorbed by the cooling medium by convection. This 
in turn leads to less heat being conducted down through the substrate layers. Since the thermal 
conductivity for Midel 7131 is larger than for air this result is to be expected. 
 
Figure 33 Heat flow pattern for Midel 7131 as cooling medium 
 
The simple model in COMSOL described before is expanded to take into account the heat 
spreading in the substrate between the chips. The substrate layers and cooling medium is 
prolonged on each side of the chip. One half chip length is available on each side of the chip 
for heat spreading. The cooling medium is assumed to enter from the left with a constant 
temperature of 21 degrees Celsius and a speed of 0,01m/s. A sketch of the model featuring the 
boundary conditions can be seen in Figure 34. Firstly Midel 7131 is used as a cooling 
medium. A picture of this simulation can be seen in Figure 35. Air is then used as a cooling 
medium under the same conditions as for Midel 7131. The result from simulation with air can 
be seen in Figure 36. 
 
Comparing the cooling medium for the two simulations, it can be seen that Midel 7131 has a 
lower temperature throughout compared to air. This is an indication that Midel 7131 has a 
better ability to transport the generated heat away, which is to be expected when looking at 
the thermal properties. 
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Figure 34 Overview of the COMSOL model of the chip with boundary conditions 
 
Figure 35 Temperature conditions in the model when Midel 7131 is circulated above the 
chip 
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Figure 36 Temperature conditions in the model when air is circulated above the chip 
 
As can be seen from Figure 35 and Figure 36 there are differences in the temperature 
distribution especially on the right top part of the chip. The asymmetrical temperature 
distributions are caused by the flow direction of the cooling medium. The right top area is 
further investigated by the Measuring point 1 shown in Figure 34. A transient simulation of 
the temperature in this point was performed. The result can be seen in Figure 37. It can be 
seen that although having the two curves are equal in the beginning, the Midel curve will 
eventually start to rise slower, before settling on a lower stationary temperature compared to 
the air curve. 
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Temperature transient for Measuring point 1
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Figure 37 Temperature transient for Measuring point 1 for respectively air and Midel as 
cooling medium 
 
5.2.3 Stationary cooling medium 
 
It was decided to do some additional stationary type simulations, in order to establish some 
connection between the COMSOL simulations and the laboratory measurements. The 
boundary conditions were changed according to Figure 38. Both sides of the model had 
thermal insulation as a boundary condition. The simulation thus represents the case where air 
is standing still above the chip. The temperature of the bottom of the substrate is set to 83 
degrees Celsius, in order to approximate the stationary result of this measurement from Figure 
17. Measuring point 1 and Measuring point 2 is then meant to approximate the two AD590 
temperature sensors, respectively close to and away from the chip. 
 
 
Figure 38 Overview of the COMSOL model of the chip with boundary conditions 
 
The results from the simulation can be seen in Figure 39. A comparison with values from 
laboratory measurements can be seen in Table 16. It can be seen that there is a good 
correspondence between the measured and simulated values. It should however be noted that 
Measuring point 1 in the simulation depends significantly on the distance from the chip. 
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Table 16 Summary of comparison between simulated and measured values for 
Measurement points 1 and 2 
Measuring point Simulated Measured in laboratory 
1 92,2 92 
2 84,2 83 
 
 
 
Figure 39 Temperature conditions in the model for the case with still air above the chip 
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6 THERMOCAMERA MEASUREMENTS 
6.1 Initial testing of the thermocamera 
 
It was decided to record the thermal conditions at the top of the IGBT with a thermocamera. 
The top of the substrate is covered in a thin layer of Midel 7131. This is in order to get more 
correct measurements, as the Midel 7131 has an emissivity which is closer to 1 than the 
silicon. The thermocamera measurements are dependent on the emissivity of the material of 
which the temperature is measured. Initial testing was done to investigate the emissivity of 
Midel 7131 in comparison with a type of plastic tape that is regarded to have a high 
emissivity. Silicon oil was also included in the test for the sake of comparison. The test was 
performed by applying Midel 7131, silicon oil and the plastic tape to a blank metal piece that 
was heated. Because of the lower emissivity of the metal, the three test areas on the metal 
should stand out clearly when looking at them with a thermocamera.  
 
A picture from the thermocamera can be seen in Figure 40. As can be seen from the figure, 
the three test areas of the metal piece gives almost exactly the same temperature readings. 
This is an indication that both Midel 7131 and silicon oil has approximately the same 
emissivity as the plastic tape, which is known to be high. As is expected, the metal surface 
gives completely wrong temperature readings at the thermocamera because of its low 
emissivity. 
 
 
 
Figure 40 Thermocamera picture of emissivity test. Area 1 is silicon oil. Area 2 is plastic 
tape. Area 3 is Midel 7131 
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6.2 Testing of IGBT module without heatsink 
 
After the thin layer of Midel 7131 had been applied to the top of the substrate, a constant 
power pulse was applied to one of the IGBT’s in the bridgeleg. The thermocamera video is 
transferred to a computer on the fly and stored in DVD format. A thermal overview for every 
point in time is thus available by looking at the DVD film afterwards. Additionally thermal 
images are stored in the camera when steady state temperature has been reached. The thermal 
images which are stored in the camera contain more information than the DVD film because 
of the post-processing software available for these images. 
 
One of the images taken in steady state can be seen in Figure 41. It can be seen that when 
only one of the IGBT’s in the module is heated; significant temperature gradients exist in the 
top of the substrate. This is to be expected, because of the significant distance between the 
heat source which is the heated IGBT chips and the far end of the module. 
 
Active IGBT chip area
Active IGBT chip area
Area of inactive IGBT chips
Active IGBT chip area
Diode chip area
 
Figure 41 Thermocamera image of the IGBT module in thermal steady state 
sing post-processing software on Figure 41 shows that the area marked “Active IGBT chip 
 is possible to use discrete readings from the thermocamera recording to construct the 
er in 
 
 
U
area” has a maximum temperature of about 96,5 degrees Celsius. The area marked “Area of 
inactive IGBT chips has a temperature of about 83 degrees Celsius, while the “Diode chip 
area” has a temperature of about 87 degrees Celsius. 
 
It
temperature transient as seen by the thermocamera. Furthermore, it has been shown earli
this report that the relation between the chip temperature and the temperature on the underside
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of the substrate is primarily given by the thermal resistance between the two points. This 
makes it possible to estimate the temperature on the underside of the substrate using the 
thermocamera readings. All three curves can be seen in Figure 42. It can be seen that the 
calculated and measured temperature transients for the underside of the substrate are quite
equal for the first 100 seconds after power is applied. 
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Figure 42 Thermal transients for the first 100 seconds 
6.3 Testing of IGBT module with heatsink 
ince the previous testing was with thermal insulation underneath the module, it was decided 
e on 
the 
m 
ule 
 
 
S
that it would be beneficial to look at the opposite case. That is, a case where the cooling 
underneath the module is quite good. In practice, this was solved by mounting the modul
the large heatsink used before. The black paint on the heatsink proved to have a high 
emissivity, giving a relatively accurate estimation of the temperature when viewed in 
thermocamera. Initial testing showed that the heatsink also would attain a relatively unifor
temperature distribution. This is likely because of the thermal capacitance of the heatsink 
being much larger than the thermal resistance of the heatsink. A thermal image of the mod
with heatsink can be seen in Figure 43. 
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Figure 43 Thermal image of module with heatsink. Measuring point “a” located on the 
heatsink close to the module was observed to show good correspondence with the 
thermocoupler measurements embedded in the heatsink 
 
When power was applied to the module, the thermal behaviour was somewhat different from 
the case with thermal insulation underneath the module. A qualitative comparison between 
Figure 41 and Figure 44 shows that the temperature at the top of the substrate drops of much 
quicker from the chip when the module is mounted on the heatsink. This shows that the heat 
transport is larger down through the substrate layers for the heatsink case, as one would 
expect. 
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Figure 44 Thermal image of module with heatsink during testing. Measuring point “a” 
is located at an IGBT chip 
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7 STRAY INDUCTANCE CONSIDERATIONS IN THE TEST 
SETUP 
7.1 Background of inductance considerations 
 
During the testing of the IXYS module in the autumn project, it was discovered that 
significant voltage spikes were produced across the module for some of the combinations of 
DC-link voltage and transistor current. It is assumed that these voltage overshoots are caused 
by stray inductance in the circuit between the filtering capacitor mounted on the heatsink and 
the IGBT module. The principle is illustrated in Figure 45.  
 
 
Figure 45 Drawing of electrical test circuit showing the importance of low stray 
inductance between filtering capacitor and IGBT module 
 
In order to obtain more knowledge about lowering the stray inductance in the test setup, a 
literature study was performed. Minimizing the stray inductance in converter circuits is a 
prime concern when manufacturing converters. [27] describes reduction of stray inductance in 
the circuit as a more feasible way to reduce excessive transient voltages in high power 
applications compared to using snubbers. This is because of the necessary snubber capacitor 
size, and thereby cost. It is stated that loop area is the main contributor to the stray inductance 
in the circuit, and may be a more cost-effective way of reducing transient overvoltages.  
7.2 Inductance calculation methods 
 
Skibinski [25] gives an analysis of different connection configurations with regard to stray 
inductance, and outlines a design methodology for planar bus structures for obtaining 
minimum stray inductance. When speaking of the inductance of conductors, one makes a 
distinction between the self inductance and mutual inductance of the conductors. Self 
inductance will be a function of the conductor itself, while mutual inductance will be a 
function of the geometric placement of several conductors with respect to each other. 
[25] shows that a bus bar will have a lower self inductance than a round conductor, with the 
self inductance of the bus bar given by the formula (19) below and the condition that the 
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busbar is located so far away from the return path of the current so that the mutual inductance 
can be regarded as zero. 
 
Figure 46 Principal rectangular conductor 
 
Figure 47 Geometric placement of two rectangular conductors 
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In formula (19) L is given in μh and l, w, and t is given in centimetres. 
 
While [27],[28] gives the formula for self inductance of the bus bar for low frequencies as 
 
 lL ri π
μμ
8
0=  (20) 
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In [25], a optimal width/length ratio for “short” bus bars is discussed. If we assume that the 
notion for “short” busbar also applies for the IXYS test setup, it is worth noticing that a 
width/length ratio of 1:1 is necessary to minimize the stray inductance, while a ratio of 2:1 
gives optimum minimization.  
    
The self inductance of a conductor is combined with the mutual inductance of the conductor 
arrangement. When two parallel conductors are conducting current in the same direction, the 
mutual inductance will add up, while if they are conducting in the opposite direction the 
mutual inductance will subtract. For our laboratory setup the current in the parallel conductors 
will run in opposite direction, and the mutual inductance will thereby subtract from the self 
inductance for each conductor, giving a lower total inductance. A maximization of mutual 
inductance will therefore mean a minimization of total inductance in the test setup. This can 
be seen easily in the formula for total inductance (21) [25, 29], given for opposite current 
directions. 
 
 MLLLtotal 221 −+=  (21) 
 
 
When calculating the mutual inductance of two parallel busbars, [26] gives the central 
filament approach, where the busbar area is replaced by an equivalent central conductor 
filament. This method is also quoted by [25]. 
 
[27] and [28] cites an approximate formula for calculation of the total self inductance for the 
two bus bar configuration with return current in one of the bus bars, given some conditions 
regarding the geometric properties of the bus bars. Since papers [27] and [28] calculates the 
internal inductance and external inductance for the whole bus bar configuration, direct 
comparison with the mutual inductance approach in [25] becomes difficult. 
 
Since both [27] and [28] cites [29] as a reference, the mutual inductance approach in [29] is 
used for direct comparison of the formulas in [25] and [29]. According to [29] the self 
inductance of a rectangular conductor as given in Figure 46 can be calculated by formula (22) 
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Δe is a parameter dependent on the geometry of the conductor, given by Table 17 [29]. 
 
Table 17 Δe as function of t/w [29] 
t/w 0 0,25 0,50 0,75 1,00 
Δe 0 0,00249 0,00211 0,00184 0,00177
 
Likewise, the mutual inductance calculations of [25] and [29] are compared, shown 
respectively in formula (23) and formula (24) 
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In formula (23) M is given in μh, and l and d in centimetres. 
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Δk is a parameter dependent on the geometric configuration of the conductors, given by Table 
18 [29]. 
 
Table 18 Δk as function of w/d and t/w [29] 
w/d 0 0,5 1,0 2,0 10 
Δk for t/w=0 0 0,0199 0,0708 0,2107 1,0787 
Δk for t/w=0,5 0 0,0152 0,0560 0,1754 - 
Δk for t/w=0,75 0 0,0092 0,0359 - - 
Δk for t/w=1,0 0 0,0005 0,0065 - - 
 
Inductance calculation of the two bus bar problem is also possible with finite element (FEM) 
analysis. The finite element program calculates the magnetic field distribution for the 
geometry. The current density is given as a parameter to the program. Since the conductor 
area is known, the current can be calculated by (25) 
 
 AJI ⋅=  (25) 
 
The geometry is then meshed, and the differential equations governing the problem are 
solved. After the solution has been found, the integral of the magnetic energy of the 
integration area can be read from the program. Given the magnetic energy, the self inductance 
of the conductors can be found by equation (26) and the mutual inductance of the two-
conductor configuration can then be found by equation (27) [30] 
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It should be noted that the equations in this chapter are based on uniform current distribution 
in the conductors, hence no skin- or proximity effects. At high frequencies these effects will 
lead to a reduction of the stray inductance of the two bus bar configuration [25]. 
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7.3 COMSOL Multiphysics modelling for assessment of stray 
inductance 
For case of comparison, two cases of bus bar configuration were investigated for stray 
inductance. Both configurations are geometrically possible to realize for the IXYS module 
test setup. The geometry of each configuration is drawn in COMSOL Multiphysics, and the 
corresponding current density for a current of 1A is calculated according to (25). Given the 
correct boundary conditions and subdomain settings, the finite element problem is then 
meshed and solved.  
 
COMSOL Multiphysics allows direct subdomain integration of the magnetic energy density. 
The magnetic energy is then used in (26) for the case of one conductor conducting a current, 
and in (27) for the case when both conductors are conducting current. Minding the correct 
sign for opposite current directions, (21) will give the total inductance of the configuration. 
The geometric configuration for two bus bars side by side can be seen in Figure 48. The bus 
bars are given as 9 cm long, as this is approximately the distance from the capacitor 
connections to the power terminals of the IXYS module in the test setup. The corresponding 
plot of magnetic flux lines can be seen in Figure 49. 
 
 
 
Figure 48 Geometric configuration for two bus bars side by side 
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Figure 49 Magnetic flux lines for two bus bars side by side 
 
Using the subdomain integration function of COMSOL Multiphysics, the magnetic energy 
can be found, shown for this case in Table 19. 
 
Table 19 Magnetic energy integral for two bus bars side by side 
Configuration Magnetic energy integral 
Conductor 1 carrying a current of 1A 4.179009e-7 
Conductor 2 carrying a current of -1A 4.185004e-7 
Both conductors carrying a current of 1A in 
opposite directions 
3.122193e-7 
 
The magnetic energy integral gives the inductances in the circuit according to (24), (25) and 
(21). The inductances for two bus bars side by side were calculated and are shown in Table 
20. 
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Table 20 Inductance calculation for two bus bars side by side 
Variable Description Size [uH] 
L1 Self inductance, conductor 
1 
0,8360 
L2 Self inductance, conductor 
2 
0,8360 
M Mutual inductance between 
the conductors 
0,5236 
L Total inductance 0,6244 
 
 
The geometric configuration for two bus bars over each other can be seen in Figure 50.The 
bus bars are given as 9 cm long, as this is approximately the distance from the capacitor 
connections to the power terminals of the IXYS module in the test setup. The corresponding 
plot of magnetic flux lines can be seen in Figure 51. 
 
 
 
 
Figure 50 Geometric configuration for two bus bars over each other 
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Figure 51 Magnetic flux lines for two bus bars over each other 
 
Using the subdomain integration function of COMSOL Multiphysics, the magnetic energy 
can be found, shown for this case in Table 21. 
 
Table 21 Magnetic energy integral for two bus over each other 
Configuration Magnetic energy integral 
Conductor 1 carrying a current of 1A 3.426471e-7 
Conductor 2 carrying a current of -1A 3.426007e-7 
Both conductors carrying a current of 1A in 
opposite directions 
7.232628e-8 
 
The magnetic energy integral gives the inductances in the circuit according to (24), (25) and 
(21). The inductances for two bus bars over each other were calculated and are shown in 
Table 22. 
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Table 22 Inductance calculation for two bus bars over each other 
Variable Description Size [uH] 
L1 Self inductance, conductor 
1 
0,6852 
L2 Self inductance, conductor 
2 
0,6852 
M Mutual inductance between 
the conductors 
0,6129 
L Total inductance 0,1446 
 
Comparing the total inductance for the two geometric configurations, it can be seen that the 
inductance for the case for two bus bars over each other is only 0,1446 / 0,6244 = 23,2% of 
the inductance for the case for two bus bars side by side. As was expected, the configuration 
with two bus bars over each other was significantly better than the configuration with two bus 
bars side by side. 
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8 PASSIVE PRESSURE TESTING OF COMPONENTS 
8.1 Description of passive pressure testing 
 
Part of the project consisted of taking part in the assessment of some components that had 
been subjected to pressure testing in Midel 7131 oil at 300 bars. The pressure testing was so-
called passive tests, meaning that no power was applied to the components under testing. The 
description of the full test program can be found in [32]. Only the components relevant for the 
IXYS test setup will be treated here. The components were pressurized for 61 days at 300 
bars. The pressurization and depressurization was done relatively fast at respectively 20 
minutes and 7 minutes. This is significantly faster than in a real world case, where the descent 
from surface to the bottom of the sea may take hours. The test is therefore likely to represent 
an absolute worst case regarding pressure changes with regard to time. The components in the 
test relevant for the IXYS test setup is 
 
• IXYS MII400-12E4 IGBT module, modified for pressure equalization 
• ICW capacitor 
• EFI gatedriver, modified for pressure tolerance 
 
The modification done to the IXYS module is based on the experience gained in previous 
pressure testing, and consists of drilling holes in the sides of the module, to let the oil 
penetrate into the module and equalize the pressure differences. A picture of the modified 
IXYS module can be seen in Figure 52. The modification of the EFI gatedriver is described in 
[21] and consists mainly of replacement of pressure-intolerant capacitors and transformers. A 
picture of the oil filled container with test objects inside can be seen in Figure 53. 
 
 
Figure 52 IXYS module modified for pressure tolerance [32] 
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Figure 53 Picture of the oil-filled glass with tested components inside [32] 
 
8.2 Results from passive pressure testing 
The tested components were investigated for mechanical damage, and the correct electrical 
operation was verified. None of the components showed signs of mechanical failure 
significant enough to affect electrical operation. The electrical testing of the components is 
well described in [32], but it was decided to perform some additional double-pulse switching 
on the IXYS module to compare the waveforms with the reference module. Table 23 shows a 
summary of the effects of the passive pressure testing on the components. 
 
Table 23 Summary of passive pressure testing of components 
Component Mechanical effects Electrical effects 
IXYS IGBT module Some movement of the gel 
covering the chips. The gel 
does not dissolve in the oil. 
None, electrical testing 
passed. 
ICW capacitor Cracking on top of lid. The 
resin covering the active 
components does not 
dissolve in the oil. 
None, electrical testing 
passed. 
EFI gate driver No visible effects None, electrical testing 
passed. 
 
Results from the double-pulse testing can be seen in Figure 54 to Figure 56. 
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Figure 54 Comparison of Ice at turn-on of the transistor at 600V, 200A 
 
Comparison of Vak at transistor turn-on at 600V, 50A
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Figure 55 Comparison of Vak at turn-on of the transistor at 600V, 50A 
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Comparison of Vge at transistor turn-on at 600V, 200A
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Figure 56 Comparison of Vge at turn-on of the transistor at 600V, 200A 
 
As can be seen from Figure 54 to Figure 56, the waveforms for the pressure tested and the 
reference module are quite equal, but the reference module is actually noisier than the 
pressure tested module.  
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9 SWITCHING OF OPEN MODULE IN OIL 
9.1 Description of test setup for double-pulse switching  
 
The test setup used for the IGBT when it is tested in liquid is basically the same that was used 
when the reference testing was done in the autumn project; this is described in [21]. For the 
sake of completeness, the description of the basic test setup is shown again here. 
The testing of the IGBT module is realized by building a test rack consisting of heatsink, 
gatedriver, power connections and capacitor. The test rack is shown in Figure 57. A picture of 
the open module prepared for immersion in oil is shown in Figure 58. The test setup for 
testing the open module in oil can be seen in Figure 59. The electrical drawing of the test 
setup is shown in Figure 45. For the double-pulse switching, the current control part of the 
setup is replaced by a signal generator. The IGBT is mounted on top of the heatsink, with the 
capacitor connections in close proximity, in order to make the inductance of this loop as small 
as possible. As seen in the figure, metal rails are mounted on the sides of the heatsink, for 
easy mounting of gatedriver and power connections. These rails are also important for steady 
placement of the test rack inside the oil filled vessel, for the tests conducted at 1 bar pressure. 
Current measuring is done by a toroid transformer placed around the negative power terminal 
of the IGBT module, between the module and the capacitor. Connections for further 
measurements can be seen in the background of Figure 57; these include measurements of 
VGE, VCE and VAK for the lower IGBT of the bridge leg which is tested. 
A SINTEF laboratory converter is connected to the module to be tested through an inductive 
load, as seen in Figure 60. An air core inductor is used as a load during the double pulse 
switching, while an iron core coil is used for continuous switching. 
The converter is well described in [3], and a circuit diagram can be found in Appendix C. The 
laboratory converter setup also contains a gate driver interface card, which is responsible for 
the interface between the control system and the power circuit switches. This card also 
contains the cross conduction interlock logic and status signal monitoring [17] 
The gate driver interface card on the laboratory converter is not modified, but the gatedriver 
on the test rack is connected to it, substituting one of the drivers of the laboratory converter. It 
is important that the wiring between the driver interface board and the gatedriver on the test 
rack is kept as short as possible, because of possible induction of noise in the wiring. 
The gatedriver to be used is a driver developed at SINTEF for laboratory use, the so-called 
EFI-driver. The driver is described in [4]. It is important that the gate resistance of the 
gatedriver is modified in accordance with the requirements of the IGBT under testing. The 
gatedriver is modified in order be fully pressure tolerant.[15],[21] It is then mounted on the 
heatsink, so that it will be immersed in oil during testing. A circuit diagram for the gatedriver 
can be found in Appendix B. 
For the double-pulse switching, a signal generator is utilized. The double-pulses generated by 
this device are in turn routed through a jumper card, which gives the possibility of connecting 
the signal from the signal generator to the different gate drivers. 
For the continuous switching, a current control card is connected to the driver interface card 
instead of the signal generator. This current control card will in turn generate a pulse-width 
modulated signal to the driver cards of the IGBT’s that are in use. A circuit diagram for the 
current control card can be found in Appendix D. 
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Figure 57 Picture of the test rack for testing in air with IGBT module, smoothing 
capacitor, heatsink and connections 
 
The test setup is described in more detail in the report from the autumn project [21], and the 
laboratory protocol from the introductory testing in the autumn [20]. 
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Figure 58 Close-up picture of the IGBT and smoothing capacitor with connections and 
current measuring toroid. Note that the gatedriver is moved onto the heatsink for testing 
in oil 
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Figure 59 Picture of  test setup for testing the open IGBT module in oil 
 
 
 
Figure 60 Electrical drawing of the test setup. For the double-pulse switching, the 
current control part of the setup is replaced by a signal generator 
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9.2 Description of double-pulse switching 
 
The measuring equipment and data acquisition methods used during the double-pulse 
switching are the same as were used during the autumn project. The reader is therefore 
referred to the autumn project [21] for this information. 
 
The first test that were performed on the IGBT were so-called double-pulse switching. A 
generic example of waveforms during this kind of testing is shown in Figure 61. The purpose 
of this test is foremost to gather information about the IGBT’s behaviour during turn-on and 
turn-off, while the device is conducting current. Points of interest will therefore be at first 
turn-off and second turn-on of the transistor, and possibly second turn-off. The time between 
the two pulses is adjusted such that the current at first turn-off and second turn-on is 
approximately equal. During this testing an air core coil is used as a load inductor. Tests are 
conducted for increasing values of voltage and current..  
The values of VGE, VCE, ICE and VAK are recorded by oscilloscope for each test point. [21] 
 
 
Figure 61 Principal waveforms during double-pulse switching 
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9.3 Description of test programme for double-pulse switching of 
open module in oil at 25 degrees Celsius 
 
The double-pulse test program is summarized in Table 24. “On” denotes a capture of a turn-
on of the transistor at the relevant voltage and current. “Off” denotes a capture of a turn-off of 
the transistor at the relevant voltage and current. It should be noted that measurements of 
200A and over can be troublesome because of the short-circuit protection found in the gate 
drivers. This problem is described in detail in [21]. 
 
Table 24 Summary of double-pulse test program 
ICE 50A 100A 200A 400A 
VDC     
50V On/Off On/Off   
100V On/Off On/Off On/Off  
200V On/Off On/Off On/Off  
400V On/Off On/Off On/Off  
600V On/Off On/Off On/Off Off 
 
9.4 Results from double-pulse switching in oil at 25 degrees Celsius 
 
Before the open module was put into oil it was switched at reduced voltage in air to verify 
correct switching operation. Because the withstand voltage of the open module in air is 
unknown, the instantaneous switching voltages had to be limited. The module was therefore 
set to switch at 50V and 10A. The test was repeated immediately after the module was 
immersed in oil in order to observe possible differences. It was seen that there was very little 
difference between the waveforms before and after immersion in oil. An example can be seen 
in the diode voltage waveform in Figure 62. It can be seen that the diode voltage oscillations 
when testing in oil has a bit lower frequency in the later part of the transient and they are 
more damped compared to when testing in air. 
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Comparison of diode voltage at transistor turn-on at 50V, 10A 
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Figure 62 Diode voltage waveform before and after immersion of the module in oil 
 
Since the module had no significant difference in the switching waveforms directly after 
immersion in oil, the double-pulse switching at higher voltages and currents could be started. 
The test programme was performed according to Table 24. Comparison with the reference 
testing of a standard module in air done in the autumn showed relatively little difference 
between the two modules. Since the waveforms were generally relatively equal, emphasis will 
be put on the observable differences in the following. Typical oscilloscope captures for a test 
point, in this case 200V and 100A, can be seen in Figure 63 and Figure 64.  
 
Figure 63 Turn-off of the transistor at 200V and 100A  
Ch1: Vce Ch2: Vak Ch3: Vge Ch4: Ice 
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Figure 64 Turn-on of the transistor at 200V and 100A 
Ch1: Vce Ch2: Vak Ch3: Vge Ch4: Ice 
 
The testing showed that the difference between the standard module in air and the open 
module in oil was most noticeable in the transistor current waveforms. As can be seen in 
Figure 65, the standard module in air is noisier and has higher peaks in the oscillations than 
the open module in oil. The difference is more at transistor turn-on than transistor turn-off. 
Some more oscillations can also be seen in the diode voltage waveforms for the open module 
in oil, as can be seen in Figure 66. A relatively small difference was observed between the 
transistor voltage waveforms, as can be seen in Figure 67.  It is difficult to establish whether 
the differences are caused by parameter spreading between the two modules or by different 
operating environments.   
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Transistor current at transistor turn-on at 600V and 200A
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Figure 65 Comparison of transistor current waveforms at transistor turn-on at 600V 
and 200A 
 
Diode voltage at transistor turn-on at 600V and 50A
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Figure 66 Comparison of diode voltage waveforms at transistor turn-on at 600V and 
50A 
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Transistor voltage at transistor turn-off at 600V and 200A
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Figure 67 Comparison of transistor voltage waveforms at transistor turn-off at 600V 
and 200A  
9.6 Continuous switching 
9.6.1 Description of continuous switching 
 
Testing with continuous current is performed. The IGBT is run as a DC-DC converter with a 
significant load current. This is solved practically by using a current control board, described 
in [13]. A so called H-bridge configuration of the two bridgelegs involved is then employed. 
This means that one of the bridgelegs is run at a constant PWM of about 50%, giving a 
constant voltage at one side of the inductive load. The other bridgeleg is controlled by a PI 
controller on the current control board, sensing the current through the load, and comparing it 
with a reference given by a potmeter. This gives the possibility to adjust the voltage and 
current separately. The principle is shown in Figure 68.  
In opposition to the double-pulse switching, it is important that the load inductor used during 
the continuous switching is large enough. This is in order to make the load current as constant 
as possible. It is also important that the power dissipation capacity of this inductor is large 
enough for the constant conduction of the load currents used. With background in these 
requirements, the air core coil used in the double-pulse switching is replaced by an iron core 
coil, significantly larger both in size and inductance. 
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Figure 68 Control of current and voltage in continuous testing  
 
The module will heat up because of losses, and possible effects of this on the switching 
performance can be observed. This will also be the normal mode of operation for an IGBT 
module, so the test is also useful in verifying the proper functioning of the module. The 
temperature under the module is measured with thermocouplers and a data logger. The data 
logger is set up to give a blocking signal to the driver interface board if the temperature 
becomes too high.[21] 
9.6.2 Description of changes to test setup for the continuous switching 
 
For the continuous switching, the load inductor is changed to a 1,2 mH, 500A iron core 
inductor, in order to get an approximately constant current in the load during the switching. 
The gate driver on the test rack is connected as gate driver B at the driver interface board of 
the laboratory converter. Gate driver A of the laboratory converter is controlled by an analog 
PI controller operating at 10 kHz. The current through the load inductor is measured by a 
LEM current module. The DC-link voltage is measured by a LEM voltage module. The 
measurements from the LEM modules are registered by the Agilent 34970A data logger, 
which also measures the temperature at the heatsink as described before. Further information 
about the continuous switching test setup can be found in [20] and [21]. 
The module apparently functioned properly during continuous switching, and no 
abnormalities were observed during the testing. The oil was heated to about 70 degrees by 
switching losses without any malfunction of module or test setup. It is still an important test 
to do, as this is the normal operating conditions of the module. A capture from the 
oscilloscope during continuous testing can be seen in Figure 69. It should be noted that the 
transistor current Ice as shown in this figure is only correct regarding the magnitude of the 
 71 
current. The real Ice is a direct current, which the toroid transformer in turn translates to an 
alternating current when measured.  
 
Figure 69 Oscilloscope capture during continuous switching at 400V and 50A 
Ch1: Vce Ch2: Vak Ch3: Vge Ch4: Ice 
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10 BREAKDOWN VOLTAGE CONSIDERATIONS  
 
It was decided to investigate the properties of Midel 7131 with respect to electrical strength 
and moisture content. Even though Midel is likely to absorb more water than mineral oil, the 
water saturation limit of Midel 7131 is also higher than for mineral oil. Since the relative 
water content is given by the ratio of the absolute water content to the water saturation limit, 
the relative water content for two liquids may be the same even though the absolute water 
content is different. The breakdown strength of an insulating liquid is dependent on the 
relative water content of the liquid, this is illustrated in Figure 70. The curves of interest are 
especially the one for Midel 7131 and the one for a mineral oil NN3000X. It can be seen that 
all the curves in Figure 70 has the same behaviour, although the Midel 7131 curve is a bit 
higher than the others.  
 
 
Figure 70 Breakdown voltage with respect to moisture saturation for some dielectric 
liquids. NN3000X is a mineral oil, the rest are natural oils [43] 
 
It is also possible to draw curves showing breakdown voltage with respect to water content in 
parts per million. An example of such a curve can be seen in Figure 71. From this figure it can 
be seen than Midel 7131 performs much better than mineral oil if measured by absolute water 
content.  
 
It should be noted that the notion of breakdown voltage used in Figure 70 and Figure 71 refers 
to specific test conditions. This usually means measuring the breakdown voltage for a given 
voltage waveform between standardized electrodes, i.e plane-plane gap at a distance of 2,5 
mm. Alltough the test conditions in Figure 70 and Figure 71 may not be the same, the purpose 
here is to show the difference between the two representation methods. 
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Figure 71 Breakdown voltage with respect to water content in parts per million at 20 
degrees Celsius. Midel eN is an organic ester not investigated in this report [44] 
 
As stated before, the water saturation limit of Midel 7131 is significantly higher than for a 
mineral oil. A comparison between Midel 7131 and the mineral oil Shell Diala D with respect 
to water saturation limit has been reported in [45]. Also mixtures of the two oils were 
investigated. The significant difference in water saturation limit for the two oils can be seen in 
Table 25. 
 
Table 25 Water saturation limits for a mineral oil and Midel 7131 at different 
temperatures [45] 
Water saturation limit in parts per million (ppm)  
20°C 23°C 60°C 88°C 100°C 
Mineral 
oil Shell 
Diala D 
45 51 210 510 716 
Synthetic 
ester 
Midel 
7131 
2700 2829 4675 6386 7200 
 
Investigations performed in [42] that consider operation in an open transformer system over 
extended periods of time suggests that the Midel 7131 will absorb up to 500 ppm of water. 
Specifications for new Midel 7131, as given in the datasheet, give a maximum water content 
of 50 ppm. Midel 7131 will be within specifications for water content up to 400 ppm but still 
maintaining a high breakdown voltage for water content exceeding 550 ppm.[22]. 
 
The breakdown voltage as given in Figure 70 and Figure 71 is with respect to specified testing 
conditions. This means that it is difficult to calculate the water content in the Midel 7131 that 
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should give breakdown when the open IGBT module is operating in the Midel. This is 
because the breakdown phenomena are dependent on a number of factors that is not trivial to 
investigate. Geometric considerations, voltage waveform and contaminations will affect the 
real breakdown voltage, and will also make it very difficult to calculate a water content that 
should give breakdown for a given voltage in the real test setup. 
 
A better approach may be to establish relatively unideal operating conditions with respect to 
water content, and then observe if breakdown phenomena occurs. This would also be useful 
for the project in a greater sense, as a parallel project involving electrical stress and field 
calculations on the IXYS module could benefit from these observations. A relative water 
content of for example 90% at 20 degrees Celsius could constitute a starting point for the 
testing. More water could then be added later to give a relative water content of for example 
100% at 60 degrees Celsius. This case would give condensation of water when the oil is 
cooled from 60 degrees Celsius and the condensed water may impact the breakdown 
properties of oil. 
 
The volume of oil in the container has been measured to 7,61 liters. The water content of this 
oil was measured by the Karl Fischer method to be 466,7 ppm, this is actually over the limit at 
400 ppm for the Midel to keep the specification. The reason for the high water content is that 
the oil has been stored in the laboratory exposed to air.  
 
If a relative water content of 90% at 20 degrees Celsius is desired, it can be calculated as in 
the following, using the saturation limit from Table 25. The density of Midel 7131 is 0,97 
kg/dm3 and the density of water is taken as 1 kg/dm3. 
 
Calculation of the mass of Midel 7131 
 
 kg
dm
kgdmVm midelmidelmidel 38,797,061,7 3
3 =⋅=⋅= ρ  (28) 
 
Calculation of how much water it is necessary to add to obtain 90% relative water content 
 
 ppmppmppm 3,19637,46690,02700 =−⋅  (29) 
 
 
Calculation of mass of water taking into account water the desired relative water content 
 
 kgmm midelwater 0145,010
3,196338,7
10
3,1963
66 =⋅=⋅=  
(30) 
 
Calculation of necessary volume of added water 
 
 
mLdm
dm
kg
kgmV
water
water
water 5,140145,0
1
0145,0 3
3
==== ρ  
(31) 
 
The necessary water is added as distilled water from an Arium 611 UV which gives a product 
water quality of 18,2 MΩ*cm. The Midel/water mix should then be stirred thoroughly for 
several hours until the water has been dissolved.  
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Dissolving the water into the Midel showed to be challenging. After thorough stirring for 
several days, the relative water content of the Midel/water mixture was measured with a 
Vaisala MI70 Moisture Meter for Oil. In addition, the relative moisture was measured after 
the first electrical test had been finished. At this point the Midel/water mixture had been 
exposed to air in the laboratory for approximately 24 hours. The results can be seen in Table 
26. As can be seen, the relative water content 24 hours later is a bit lower than before. It is 
however difficult to say if the decrease in relative water content is mostly caused by 
evaporation or by the increased temperature. Since the oil will have higher maximum water 
content for a higher temperature, the relative water content will go down if the temperature 
increases and the absolute water content remains the same. 
 
Table 26 Measurements of relative water content 
Time of 
measurement 
Relative water 
content [%] 
Temperature 
[degrees Celsius] 
Immediately after 
end of stirring 
78 19,0 
Approximately 24 
hours later 
74 22,7 
 
The IXYS test setup was lowered into the Midel/water mixture and double-pulse switching at 
increasing voltages was performed. No partial discharge or other breakdown phenomena were 
observed, and the IGBT module seemed to be operating flawlessly. However, when 
comparing the switching waveforms before and after adding of water, some differences were 
observed. As can be seen in Figure 72, the transistor voltage overshoot at transistor turn-off 
was larger before adding of water. A difference in the transistor current was also observed 
after adding of water. As can be seen in Figure 73, the transistor current overshoot at 
transistor turn-on was larger after adding of water. The shape of the overshoot is also 
somewhat different. Other waveforms that were compared before and after adding of water 
were seen to be relatively equal. The author has not been able to find an explanation for these 
differences in the waveforms before and after adding of water.  
 
The DC-link voltage of the laboratory converter is limited to approximately 630V, which was 
not sufficient to induce breakdown phenomena under these testing conditions.  An additional 
test was done, where 600V DC-link voltage was applied for two hours without switching. 
This was in order to try to produce polarization effects in the oil. The switching was so turned 
on at 600V and 200A after two hours. No phenomena were observed during this test. 
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Comparison of transistor voltage at transistor turn-off at 600V and 200A
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Figure 72 Comparison of transistor voltage before and after adding of water 
 
Comparison of transistor current at transistor turn-on at 600V and 200A
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Figure 73 Comparison of transistor current before and after adding of water 
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11 DISCUSSION 
  
Testing showed that the thermal resistance from chip to ambient went down when the module 
was filled with Midel compared to when filled with air. Testing also showed that the thermal 
capacitance as seen from the chip went up when the module was filled with Midel. This was 
as expected. Estimation of heat flow in the module showed that there is less heat going down 
through the substrate when the module is filled with Midel. This estimation should be 
regarded as qualitative, as it does not take into account the three-dimensional heat flow in the 
module. It is important to place the chip temperature sensor as close as possible to chip. 
Placement on top of the chip is however not possible due to the bonding wires. The chip 
temperature measurement is therefore likely to be slightly lower than the real junction 
temperature. 
Care has to be taken when running the module in active mode of operation without heatsink, 
as relatively low power dissipation levels, i.e. 10-15W can lead to relatively high 
temperatures. 
When developing the thermal equivalent networks by the method used in this project, the 
accuracy of the model will be determined by the development itself. If one takes the time to 
develop an increasing number of time constant expressions, the model will be increasingly 
accurate. One may however, experience during Foster to Cauer equivalent network 
transformation, that the number of RC-cells goes down. This is due to the Cauer network 
transfer function having a different dependency on the RC-cells than the Foster network 
transfer function. Even with a lower number of RC-cells, the transfer function is thus not less 
accurate for the Cauer network, if the transformation is performed correctly. 
A two dimensional model was constructed in COMSOL Multiphysics. The model only 
considers one chip on top of the substrate layers. This means that comparison with 
measurements done on the IGBT module becomes very difficult, as the whole module 
represents a much larger thermal network than the chip. Almost all the results from these 
simulations should therefore be treated qualitatively. Part of the reason for doing these 
COMSOL simulations was indeed for investigating the possibilities in COMSOL 
Multiphysics, also for possible future use. To be able to compare simulation results with 
laboratory measurements a larger and more detailed two or three dimensional model has to be 
constructed, but this was beyond the scope of this project. 
For the simulation with stationary cooling medium, a relatively good agreement between 
simulation and measurement was achieved when the cooling medium was air. The same 
agreement was not possible to obtain when the cooling medium was Midel. 
As is described in the chapter on thermocamera measurements, the thermocamera relies on 
the emissivity of materials for measuring the temperature. This means that blank surfaces 
which are not covered in Midel will seem to be at a much lower temperature in the 
thermocamera than they really are. In addition, when the chip temperature increases, the 
difference between the maximum and minimum temperatures of the module as seen by the 
thermocamera increases. This in turn means that the scale has to have larger increments to 
accommodate the maximum and minimum values, giving less accuracy. 
As noted in the chapter on inductance considerations, it is possible to calculate the stray 
inductance of a two busbar configuration using analytical formulas found in literature. 
However, these formulas assume a uniform current distribution, thereby neglecting proximity 
and skin effects. When dealing with high frequency signals, the inductance calculation will 
thus be inaccurate. Modeling with a finite elements program seems to be a relatively simple 
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way of simulating the stray inductance taking into account frequency. As expansion of the 
initial structure into more complex geometries is also relatively easily performed, the finite 
element approach seems to be superior. 
The results from the passive pressure testing of an IXYS module showed that the reference 
module was actually noisier than the module which had been subjected to pressure. Although 
it is not possible to say for certain, a reason may be the existence of small differences from 
one module to another, including parameter spreading. The reference module is the same 
module that was used during the testing in the autumn project. It should also be noted that the 
module which had been pressurized was not subjected to long term testing, i.e. switching 
significant power for extended periods of time. 
Double-pulse switching of the open module at reduced voltage immediately before and after 
immersion in oil showed little difference between the waveforms in the two cases. Immersion 
in oil therefore does not seem to influence the switching behaviour at reduced voltage. 
Comparison at higher voltages is not possible due to the reduced maximum allowable voltage 
when the open module is run in air. 
For comparing at higher voltages, the test results from the double-pulse switching of a 
standard module in air have to be used. Part of any difference between the switching 
waveforms therefore may be caused by parameter spreading in the modules. The testing 
showed that the difference between the standard module in air and the open module in oil was 
most noticeable in the transistor current waveforms. Comparison of the transistor current 
waveform showed that the standard module in air was noisier and had higher peaks in the 
oscillations than the open module in oil. It is difficult to estimate how much of the difference 
is caused by parameter spreading and how much is caused by the difference in operating 
conditions. 
 
When mixing the water into the Midel, it is important to stir thoroughly for relatively long 
periods of time, i.e. 24 hours. Even then, it was observed that it is difficult to obtain high 
values of relative water content. This was experienced even when the oil was heated to 50 
degrees Celsius. One may also experience the forming of water drops in the oil, but these will 
tend to fall to the bottom of the container, if the oil is left still. It is presumed that the relative 
water content of the Midel will fall when it is exposed to air in the laboratory, since the 
relative water content of the air is likely to be less than for the oil. Some differences between 
the transistor current and voltage waveforms at double-pulse switching before and after 
adding of water were seen. An explanation for these differences has not been found during 
this project. 
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12 CONCLUSIONS 
Thermal testing of the IGBT module in the active mode of operation was performed. As 
expected, the module without heatsink has a very low heat dissipation capability, with a 
dissipated power in the range of 10W giving chip temperatures in excess of 80 degrees 
Celsius. When Midel 7131 is added inside the open module, the time to heat up the module 
becomes significantly longer. This is to be expected due to the additional thermal capacitance 
of the Midel. The stationary chip temperature difference between the two cases is however 
relatively small at 2,9 degrees Celsius. Comparisons of the different temperature 
measurements for the two cases indicated that more of the heat is transported upwards from 
the chip when the cooling medium is Midel. 
Shaking the module during testing in the active mode of operation showed better transient 
thermal behaviour, as all the temperature measurements had a lower rate of increase during 
shaking. Shaking of the module made a rough estimation of the contact resistance from chip 
to oil possible, which was estimated to be 1,3 K/W. 
A mathematical description of the transient chip temperature behaviour was found using 
transient temperature measurements. The mathematical description was used to build a Foster 
thermal equivalent network. The Foster network was transformed into a Cauer thermal 
equivalent network using network synthesis. The thermal equivalent network was then 
simulated in a circuit simulator. The measured, mathematical and simulated transients showed 
good agreement. 
A simple model of the IXYS IGBT was constructed in COMSOL Multiphysics by 
considering only the chip and substrate layers beneath the chip. The simple model showed 
that Midel 7131 had a better ability to transport heat away from the chip compared to air. This 
is to be expected since Midel 7131 has a higher thermal conductivity than air. It was also seen 
that Midel 7131 gave a slower temperature increase at the chip surface than air. This is to be 
expected, because Midel 7131 has a higher thermal capacity than air. Steady state 
temperatures when the model was simulated with still air above the chip showed good 
correspondence with measured temperatures. It should however be noted that the point of 
measurement in the model has a great influence on the temperature reading, so this has to be 
selected with care. 
Thermocamera measurements showed significant temperature gradients at the top of the 
substrate during testing. This was to be expected due to only one of the IGBT’s of the module 
being heated. When using a heatsink, it was seen that the heatsink attains a quite uniform 
temperature. The temperature in the substrate away from the chips will attain approximately 
the temperature of the heatsink. The temperature will thus drop of more quickly when moving 
away from the chip area when using a heatsink. 
A brief literature study regarding the stray inductance conditions for the bus bars in the test 
setup was performed. A sample inductance calculation by finite elements method was 
performed in COMSOL Multiphysics for two different busbar configurations. As was 
expected, the configuration with two bus bars over each other was significantly better than the 
configuration with two bus bars side by side. In addition to giving a higher accuracy by taking 
into account high-frequency effects, the finite element method was not any more time-
consuming than the analytical methods that were looked at in this report. Inductance 
calculation by finite element method is therefore suggested for future work.  
 
Components relevant to the test setup which had been subjected to passive pressure testing at 
300 bars were investigated. Even though some of the components had been affected 
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mechanically by the pressure, all components functioned properly during the electrical 
testing. Comparison with reference tests done on a non-pressurized module actually showed 
that the pressure-tested module was less noisy than the reference module. This may however 
be attributed to parameter spreading between the two modules.  
 
Double-pulse switching of an open module in oil was performed. Waveform comparison with 
a test performed immediately before immersion in oil showed no significant differences 
before and after immersion. Comparison with the standard module that was tested in air 
during the autumn showed the transistor current waveform to be less noisy for the open 
module in oil. The waveforms when switching the open module in oil seemed to be according 
to theoretical switching waveforms. 
 
Water was added to the Midel, giving a relative water content of the Midel during testing of 
approximately 78%. When double-pulse switching the IXYS module in the Midel/water 
mixture at 600V and 200A no breakdown phenomena were observed. The DC-link voltage of 
the laboratory converter is limited to approximately 630V, no phenomena were observed 
when double-pulse switching at this voltage either. The added water did not seem to affect the 
general operation of the IXYS module, but some differences were seen in the transistor 
voltage and current waveforms.
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